The Feynman amplitude for the decay of the J/ψ meson into baryon-antibaryon can be written as a sum of three sub-amplitudes: a purely strong, a purely electromagnetic and a mixed strongelectromagnetic. Assuming that the strong and mixed strong-electromagnetic sub-amplitudes have the same phase, the branching ratio of the decay contains an interference term that depends on the relative phase ϕ between strong and electromagnetic sub-amplitudes. In this work we calculate this phase, by using an effective strong Lagrangian density and considering, as final states, pairs of baryons, BB, belonging to the spin-1/2 SU(3) octet. Moreover, we obtain the purely strong, purely electromagnetic and mixed strong-electromagnetic contributions to the total branching ratio and hence the moduli of the corresponding sub-amplitudes, for each pair of baryons. Of particular interest is the mixed strong-electromagnetic contribution that, not only is determined for the first time, but it is proven to be crucial, in the framework of our model, for the correct description of the decay mechanism. Finally we use the purely electromagnetic branching ratio to calculate the Born non-resonant cross section of the annihilation processes e + e − → BB at the J/ψ mass. By taking advantage from all available data, we obtain the relative phase between strong and electromagnetic sub-amplitudes: ϕ = (73 ± 8)
I. INTRODUCTION
The decays of the J/ψ meson into a baryon-antibaryon, BB, final states proceed via strong and electromagnetic (EM) interactions. The Feynman amplitude can be written as a sum of three sub-amplitudes [1] A BB = A is the mixed strong-EM sub-amplitude. At leading order, these sub-amplitudes are characterized by: a three-gluon (ggg), a one-photon (γ), and two-gluonplus-one-photon (ggγ) propagators, respectively. Usually the mixed strong-EM contribution is not considered since it assumed to be negligible with respect to the strong and EM ones [2] . The calculation in the framework of QCD of this mixed contribution is a hard task because the hadronization process of the ggγ into the final baryon-antibaryon pair does occur at a non-perturbative regime. Furthermore it has been shown that in particular cases where the purely strong contribution is suppressed, e.g., in G-parity violating decays, the contribution of the mixed strong-EM term (related to |A ggγ |) cannot be neglected; see Ref. [3] for the case of J/ψ → π + π − . The branching ratio (BR) of the decays J/ψ → BB contain the interference term between the sum of the purely strong and mixed sub-amplitudes, A ggg BB + A ggγ BB , for which we assume the same phase [4] , and the purely EM sub-amplitude, A can be obtained by studying the J/ψ-resonance line-shape in processes as e + e − → J/ψ → BB. From the theoretical point of view, all sub-amplitudes should become real at a sufficiently high energy [5] [6] [7] , i.e., at a fully perturbative regime. On the other hand, it is quite difficult to establish whether such a regime, which entails maximum (positive or negative) interference, is attained already at the J/ψ mass. A recent measurement [8] of the relative phase ϕ, performed by exploiting the decay of the J/ψ meson into nucleon-antinucleon, gave ϕ = (88.7 ± 8.1)
• , which is in agreement with the no-interference case.
In this work we calculate the relative phase ϕ, the moduli of the sub-amplitudes A and then their contributions to the total BR, using an effective strong Lagrangian density for the J/ψ → BB decays, where the baryon-antibaryon pair belongs to the spin-1/2 SU(3) octet. Moreover, once the modulus of the EM sub-amplitude A γ BB is known, e + e − → BB cross sections, at the J/ψ mass, can be easily computed.
II. EFFECTIVE LAGRANGIAN
Let us consider the spin-1/2 SU(3) baryon octet, that in matrix notation reads
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Since the J/ψ meson is an SU(3) singlet state, the leading order Lagrangian density for the decay J/ψ → BB should have the invariant form [9] L 0 ∝ Tr BB .
Terms describing SU(3) symmetry breaking effects can be included to obtain a more complete Lagrangian density. We consider, in particular, two types of symmetry breaking sources: the quark mass difference and the EM interaction. The first one can be parametrized by introducing the "spurion" matrix [9] [10] [11] 
where g m is the effective coupling constant. This matrix describes the mass breaking effect due to the s and u, d quarks mass difference related to the term
where the SU(2) isospin symmetry is assumed, so that:
The S m matrix is proportional to the 8-th Gell-Mann matrix. The EM breaking effect is related to the fact that the photon-quarks coupling constant is proportional to the electric charge. This effect can be parametrized using the spurion matrix
where g e is the EM effective coupling constant. The most general SU(3)-invariant effective Lagrangian density, which accounts for these effects, is
where g, d, f, d , f are coupling constants. By considering single BB final states, the complete Lagrangian density can be written as the sum of seven contributions
Such a Lagrangian density allows us to parametrize the strong and the EM sub-amplitudes for the decays J/ψ → BB. In the next section, we will introduce an additional term to account also for the contribution due to the mixed strong-EM intermediate state.
III. AMPLITUDES AND SUB-AMPLITUDES
The BR for the decay of the J/ψ meson into a baryonantibaryon pair BB can be written as
where p is the three-momentum of the baryon (antibaryon) in the BB center of mass frame (J/ψ rest frame) and, M J/ψ and Γ J/ψ are the mass and the width of the J/ψ meson. As a consequence of the amplitude decomposition, the BR written as the sum of four contributions, i.e.,
where the symbol BR , have the same phase, i.e., they are relatively real and positive [4] . Using the effective Lagrangian density of Eq. (1), the total decay amplitude can be parametrized in terms of the phase ϕ and the coupling constants belonging to the set
Such five coupling constants are linear combinations of those appearing explicitly as coefficients of the traces in Eq. (1), i.e., g, d, f, d , f . In particular, G 0 is related to the coupling constant g, D e , F e to d, g, which refer to the EM breaking effects, and D m , F m to d , g , describing to the mass difference breaking effects. We assume that the strong and EM coupling constants of the subsets C strong = {G 0 , D m , F m } and C EM = {D e , F e }, respectively, are among each other relatively real and positive [9] . It follows that the only non-zero relative phase, that we call ϕ, is the one between strong and EM interactions. Moreover, since such a phase is mainly due to the dominant coupling constant G 0 , we assume that ϕ does not depend on the BB final state. To account for the presence of the mixed strong-EM subamplitude A ggγ BB , we include the parameter R, that represents the ratio between the mixed strong-EM and the purely strong sub-amplitude
We assume that the dependence on the hadronization processes of the two-gluon-plus-one-photon and the three-gluon intermediate states cancels out in the ratio of the two sub-amplitudes, so that it has the same value for each BB final state, likewise the coupling constants of the set C. Being proportional to the baryon charge [6, 14] , the sub-amplitude A ggγ BB
, and hence the parameter R are non-vanishing only for charged baryons. Asymptotically, i.e., at q 2 Λ 2 QCD , when QCD is in perturbative regime (pQCD), the ratio R scales as the ratio of the EM to the strong coupling constant [4] 
Since, as already discussed, the realization of the perturbative regime at the J/ψ mass is not well established, the value R pQCD is not a good approximation for R.
In light of that, the amplitude A BB for a given decay J/ψ → BB can be written as combination of the coupling constants of the set
where the coefficients c χ BB
can assume the values of the set
The amplitudes for the decays J/ψ → BB for the nine baryon-antibaryon pair of the spin-1/2 SU(3) octet are reported in Table I . Sub-amplitudes can be easily identified. The purely EM A γ BB is the combination of the coupling constants of the 
is the combination of the coupling constants of the subset C strong multiplied by the phase e iϕ . Finally, the mixed strong-EM sub-amplitude A ggγ BB , which is present only for charged baryons, is given by
. For instance, in case of the decay J/ψ → pp, i.e., BB = pp, from the fourth row of Table I , we have the sub-amplitudes
The neutron-antineutron, fifth row of Table I , has the same purely strong sub-amplitude, different purely EM and vanishing mixed sub-amplitude, so that
In general, the total amplitude for the J/ψ → BB decay is parametrized as
where
are real quantities to be determined by a minimization procedure, fitting the model predictions on the BRs to the corresponding experimental values. The total amplitude is defined up to an arbitrary, ineffective overall phase; by setting this phase to have S BB always positive, hence S BB = |S BB |, the sub-amplitude A γ BB could be positive or negative, i.e., A
±iπ . So that, the amplitude can be redefined up to an overall sign as
This form is useful in order to make comparisons with the moduli of sub-amplitudes and the relative phase that the BESIII Collaboration [8] has obtained by fitting the data with a phenomenological parameterization of the amplitude. The choice between ϕ BB = ϕ + π and ϕ BB = ϕ − π, when A γ BB is negative, is guided by the request that the total relative phase has to be in a given determination, for instance, ϕ BB ∈ [0, 2π]. Actually, since the experimental observable is the modulus squared of the amplitude A BB , which depends only on the cosine of the relative phase, being [12] and BESIII experiment [13] .
Decay process
Branching ratio Error
8.25%
IV. ELECTROMAGNETIC COUPLINGS AND χ 2 DEFINITION
Data are available for eight of the nine decays, in particular, the decay J/ψ → Σ + Σ − is the only one that has not yet been observed. All available data are reported in Table II . From the BR of the decay J/ψ → (ΛΣ 0 + c.c.), which is purely electromagnetic, we can extract the modulus of D e as
where the outgoing baryon velocity in the J/ψ center of mass is defined as
Using the experimental value of BR ΛΣ 0 , given in the third row of Table II , we obtain |D e | = (4.52 ± 0.20) × 10 −4 GeV .
Analogously, the EM BR of the decay of the J/ψ meson into proton-antiproton is given by
where the proton velocity is
The EM BR is related to the e + e − → pp non-resonant cross section at the J/ψ mass by the formula [3] 
where BR µµ is the BR of the decay J/ψ → µ + µ − , and σ 0 e + e − →µ + µ − (q 2 ) represents the bare e + e − → µ + µ − cross section, i.e., the cross section corrected for the vacuumpolarization
The modulus of the sum of the two parameters D e and F e has, therefore, the expression
By using the value
for the e + e − → pp cross section at q 2 = M 
and |D e + F e | = (1.240 ± 0.061) × 10 −3 GeV .
The error includes both statistical and systematic contributions due to the cross section fit to the BESIII data. We define the χ 2 as follows 
where the sum runs over the eight baryon-antibaryon pairs, BB, for which experimental data are available, reported in Table II , the second term imposes the constraint of the EM BR reported in Eq. (9) . The numerical minimization is performed with respect to the five coupling constants of the set C = {G 0 , D e , D m , F e , F m }, the ratio R defined in Eq. (3), and the relative phase ϕ.
V. RESULTS
The best values of the parameters resulting from the numerical minimization of the χ 2 defined in Eq. (10) are shown in Table III GeV ϕ 1.27 ± 0.14 = (73 ± 8)
The BRs are reported in Table IV , where they are compared with the corresponding experimental values. It is interesting to notice that the obtained value for the BR of the unobserved J/ψ → Σ − Σ + decay represents a prediction of the model. 
where the number of degrees of freedom is N dof = N const − N param = 2, having nine constraints, N const = 9 and seven free parameters, N param = 7.
It is interesting to notice that the significance of the mixed strong-EM contribution in the description of the J/ψ decay mechanism can be verified by comparing the normalized χ 2 's obtained in the case where R is considered as a free parameter, Eq. (11) , to that in which it is fixed at R = 0, i.e.,
where C best and ϕ best are the set of best values of the coupling constants and the best relative phase obtained in this case. Despite the quite low number of degrees of freedom 1 and also the smallness of the best value obtained for R, see Table III , this large χ 2 value, Eq. (12), represents a clear indication in favor of the necessity of the mixed EM-strong contribution. The knowledge of the seven coupling constants of Table III brings important information on the structure of the amplitudes for the baryonic decays of the J/ψ meson. Indeed, using these values under the assumptions concerning their relative phases, individual sub-amplitudes can be calculated. Table V Table VII . The five final states: ΛΛ, nn,
sub-amplitudes and then ϕ BB = π − ϕ. This is a phenomenological finding. It is due to the values that have been obtained for the coupling constants D e and F e with the fitting procedure, see Table III , and to the SU(3) symmetry of the model, that determines the signs of the coupling constants in the definition of the sub-amplitudes, see Table I . As an example, let us consider the pp and nn final states. Using the standard parameterization of Eq. (6), the total relative phase between the two sub-amplitudes S BB e iϕ and A γ BB differ by 180
• , i.e., arg The last result is a consequence of the negative value of A γ nn = −2D e , with D e > 0, see Table III . Finally, we use the obtained values for the EM BRs (second column of Table V) to calculate non-resonant e + e − → BB Born cross sections at q 2 = M 2 J/ψ , the results are reported in Table VIII . The majority of these results does represents a prediction because currently there are no data on the corresponding processes. The only exception concerns BR γ pp , whose experimental value, given in Eq. (9), extracted from the non-resonant e + e − → pp cross section data [15] , has been used as a constraint in the numerical χ 2 minimization.
VI. CONCLUSIONS
We have developed a model based on an effective Lagrangian density to describe the decay amplitude of the J/ψ meson into baryon-antibaryon pairs of the spin-1/2 SU(3) octet. It depends on seven free parameters: the five coupling constants of the set C = {G 0 , D e , D m , F e , F m }, the ratio R, that takes into account the mixed strong-EM contribution, and the phase ). The parameters have been determined by means of a fitting procedure, having as inputs nine experimental data: the eight BRs reported in Table II , and EM BR of the decay J/ψ → pp, extracted from the non-resonant e + e − → pp cross section at the J/ψ mass, whose value is given in Eq. (9) . The best values of the parameters are shown in Table III , while the corresponding BRs, together with the experi- The model allows to determine the three single contributions (purely strong, purely EM and mixed strong-EM) to the total BR for all the BB final states, their values are reported in Table V. Table VI shows, instead, the relative strengths of the purely EM and the mixed sub-amplitudes with respect to the purely strong one. Using the purely EM sub-amplitudes in the expression of Eq. (7), we obtained the predictions for eight nonresonant e + e − → BB cross sections at the J/ψ mass, such predictions, together with the proton cross section used as input, are reported in Table VIII . The best value of the relative phase is ϕ = (73 ± 8)
• , it agrees with the result given in Refs. [9, 16] and with that given in Ref. [8] , i.e., (88.7 ± 8.1)
• , obtained by studying the decays of the J/ψ meson into nucleonantinucleon. More in detail, by considering the relative sign between the sub-amplitudes |S BB | and |A γ BB |, defined in Eq. (6), we can distinguish between two values of the relative phase ϕ BB , see Table VII ,
As already discussed, the fact that the relative phase ϕ is closer to 90
• rather than to 0 • or 180
• disagrees with pQCD. Indeed, in the perturbative regime, all QCD amplitudes should be real. It follows that the obtained relative phase could be interpreted as the indication of a non-complete realization of pQCD at this energy, at least for these J/ψ decays. Another result that points in the same direction is the value obtained for the ratio R, i.e., R = −0.097 ± 0.021 .
In fact, such value, besides confirming that the mixed strong-EM sub-amplitude is negligible with respect to purely strong one, restates that at the J/ψ mass the perturbative regime of QCD is still not reached. Indeed, it is not compatible with that predicted by pQCD itself, which is, see Eq. where we have used α S (M 2 J/ψ ) ∼ 0.2 [14] . A similar conclusion is also suggested Ref. [17] . The possibility of disentangling single contributions allows, for the first time, to determine the mixed strong-EM sub-amplitude for each charged BB final state. The third column of Table VI reports the strength of such sub-amplitude relative to the dominant three-gluon one. In all cases, because by assumption it does not depend on the BB final state, it represent about 10% of the dominant contribution and becomes ∼ 1% for the BR, see the fourth column of Table V. More intriguing is the comparison between the mixed and the purely EM contributions, third and fourth columns of Table V for the BRs and, second and third columns of Table VI for the subamplitudes. They are always of the same order, but while for the proton and Σ + the modulus of the purely EM sub-amplitude is about twice the modulus of the mixed sub-amplitude, in the cases of Σ − and Ξ − the hierarchy is inverted. Such different behavior could be due to the different quark structure of the two pairs of baryons. Even though the model is based on an effective QCD Lagrangian and hence it is mainly devoted to describing the strong dynamics, it can also be exploited to predict non-resonant e + e − → BB cross sections at the J/ψ mass. By using the formula of Eq. (7), the cross section σ e + e − →BB (M 2 J/ψ ) can be computed in terms of the purely EM BR, i.e., BR γ BB . Apart from that of the proton, used as input, all the other cross section values represent predictions of the model. We would like to pay close attention to the neutron cross section, that probably will be measured soon. Our prediction, see fifth row of Table VIII Table VIII , by the squared of the ratio between neutron, µ n , and proton, µ p , magnetic moment.
